Abstract In this study, tungsten (W) was coated on a copper (Cu) substrate by using doubleglow discharge technique using a pure W panel as the target and argon (Ar) as the discharge and sputtering gas. The crystal structure of the W coating was examined by X-ray diffraction (XRD). Scanning electron microscopy (SEM) was performed with cross-section images to investigate the penetration depth of W into the Cu body. Additionally, the properties of wearability resistance, corrosion resistance and mechanical strength of the W coated Cu matrix were also measured. It is concluded that in double-glow plasma, W coated Cu can be facilely prepared. It is noticed that the treatment temperature heavily dominates the properties of the W-Cu composite.
Introduction
Due to the potential application based on the highthermal conductivity and low coefficients of thermal expansion (CTEs), tungsten (W) is increasingly considered as a promising plasma-facing material (PFM) for use in modern tokamak facilities with medium to high heat flux components (e.g., EAST and ASDEX). However, using W as a PEM has some shortcomings: brittle at room temperature, high ductile to brittle transition temperature (DBTT) because of the body-centeredcubic (bcc) lattice, heavy weight, and poor workability, as well as poor thermal conductivity [1, 2] . One of the solutions to these troubles is to coat W on the copper (Cu) body or its alloy surface, which possesses an excellent thermal conductivity, superb ductility and regeneratibility. However, it is difficult to join effectively a W block to the Cu heat sink because of the large difference in the thermal expansion coefficient and elastic modulus between W and Cu (a Cu ≈ 4a W , E Cu ≈ 0.2E W , respectively). A high thermal stress will be built up between the heterogeneous metals after heating them, which will certainly damage the W-Cu joint. So W delamination from the Cu substrates frequently appears when using conventional methods, even when the samples are treated through magnetic sputtering, electron beam evaporation, and plasma spraying, as in previous work [3∼5] .
In the present work, double-glow plasma technique was employed to fabricate W-Cu composite as a candidate for the PFM used in tokamak facilities. The double-glow plasma can be used for almost all solid metallic materials to realize surface alloying or coating, and a high-density and highly adhesive metallic coating has been achieved previously [6∼8] . In addition, the deposition rate of double-glow plasma is higher than the rate through physical vapor deposition or chemical vapor deposition. Therefore, an experimental study was performed to produce a dense W-Cu composite coating on a Cu substrate by the double-glow plasma. The influence of the processing parameters on the composition and microstructure of the coatings are also investigated in detail.
Experiment

Preparation of W-Cu composite
The schematic diagram of a double-glow discharge is shown in Fig. 1 . Different from other discharge apparatus, the electrode system in dual-glow discharge consisted of an anode and two cathode electrodes. In this experiment, the W panel as the sputtering source was installed as the source cathode electrode. The Cu body was mounted as the second cathode, which was also the substrate. The source connected to the W target and the anode electrode were powered by pulsed direct current (DC) supply, whereas the Cu cathode and anode electrodes were supported by normal DC power supply. When power was applied, the double-glow discharge was generated uniformly between the two negatively charged electrodes, namely, the W and the Cu plate. The energetically sputtered W atoms were then transferred toward the substrates, subsequently depositing and migrating onto the Cu surface. In our process, the source voltage was set at ca. -1000 V, and the cathode voltage was fixed at ca. -500 V, the working pressure was 50 Pa, the treatment temperature was set at ca. 800 o C and 900 o C, respectively, and the exposure time was 3 h. 
Characterization of the W-Cu composite
The phase composition of the W-Cu matrix was determined by X-ray diffraction (XRD) using Ni-filtered, Cu-K radiation source scanning from 20 0 to 80 0 . A scanning electron microscope (SEM) was used to investigate the surface microstructure and the crosssectional micro-topography of the W-Cu composite. The microhardness of the W coated Cu matrix was measured by using a HXS-1000 microscopic hardness tester. The anti-friction-wearability was measured by WTM-1E tribometer (Lanzhou Institute of Chemical Physics, Chinese Academy of Sciences). Electrochemical experiments were carried out using a CS300 electrochemical workstation (Wuhan Corrtest Instrument Co., LTD). The corrosion resistance was examined in 5% NaCl solution at 25 o C (PH 7). Potentiodynamic polarization experiments were commenced after the specimen was immersed in the experimental solution for 2000 s under open-circuit conditions and performed at a rate of 0.5 mV/s. Table 1 , the predominant growth orientation at (110) facet was noticed in the double-glow plasma fabricated W-Cu composite.
We assume that the anisotropy of the free surface energy of the coating is responsible for the preferential growth of crystal in this work. The surface energies of bcc W are in the order of E (110) < E(211) < E (200) [9] . It is consistent with visible peaks in Fig. 2 where the intensities of the pattern follow the order of surface energies of each lattice plane. Moreover, with preferential orientation in (110) facet W has the highest vacuum reactive energy at 5.35 eV, which will be beneficial for the thermal transfer of PFMs in a tokamak facility [10] . 
SEM images
SEM images of the W-Cu composite are shown in Fig. 3 . The SEM micrograph indicates that the surface of the coating is composed of many small particles. When the temperature was at 800 o C, there were lots of defects on the coating surface. When the treatment temperature was relatively high, the surface defects were significantly reduced, as Fig. 3(c) and (d) shows. A denser and more adhesive W coating was achieved at a 900 o C treatment temperature. The reason is that at a high process temperature the surface energy of the heated Cu substrate is increased, which leads to a decrease in the barrier energy between penetration atoms and intrinsic atoms. Growth patterns of W atoms tend to the coating-by-coating growth model, which contributes to the reduction of the surface defects. A more compact and smooth surface morphology was then obtained as expected. Due to the low Cu melting temperature (the melting temperature of Cu is 1080 o C), the process temperature did not exceed 900 o C in our experiments. In order to detect the depth of W's penetration into the Cu substrate, metallographic specimens were prepared by metallographic cutting, embedding, pregrinding and polishing. Fig. 4 shows the cross-sectional micrographs of W-Cu composite treated at a temperature of 800 o C and 900 o C, and the obtained penetration depth of 10 µm, 15 µm W coating, respectively. It indicates that the higher the treatment temperature, the deeper and denser the subsurface phase is formed in the cross-section. 
Friction-wearability resistance test
Fig . 5 shows the friction coefficient of the W-Cu composite attained at various temperatures with a load of 100 g, a rotational speed of 500 r/min, a rotational diameter of 6 mm, and a running time of 10 min. The average friction coefficient of pure Cu was 0.665, whereas the friction coefficient of the matrix was decreased to ca. 0.4 and 0.3 after W was coated on the surfaces at 800 o C and 900 o C, respectively, i.e., the average friction coefficient was decreased along with the process temperature. Because the W coating was thicker and denser at the high temperature, the properties of friction-wearablity resistance of the W-Cu composite were obviously improved. Similar results were obtained as shown in Fig. 6(a) , where one can see Cu is worn out and the grinding crack is widened after the wear test. For the W coated sample, however, the coating was still adhered to the Cu substrate. It indicates that the W coating plays a very important role in the improvement of the anti-friction wearability property of the Cu body.
Electrochemical corrosion property
From Fig. 7 and Table 2 we find that the W-Cu composite also obviously improves the corrosion resistance of the Cu body. For the W-Cu composite, especially the one treated at the temperature of 900 o C, the corrosion potential was decreased from 0.477 to 0.270, and the corrosion current density was decayed from 3.34E-2 to 9.08E-4 compared to pure Cu, i.e., the corrosion rate was reduced ca. 15 times from 3.81E-1 to 2.16E-2 when Cu was coated with W. The explanation is that the W coating is an anti-corrosion metal, which is responsible for the W-Cu matrix's anti-corrosion property. The dense W coating provides perfect corrosion resistance. 
Microhardness test
The microhardness of the W-Cu composite was measured with a HXS-1000 microscopic hardness tester. The samples were loaded at 200 g for 10 s, and 6 test points were taken for each sample and the average data were obtained. From Table 3 one can see the average hardness of the W-Cu composite is remarkably higher than that of the pure Cu substrate at 136.6 HV, which is related to the treatment temperature. It indicates that the W coating also greatly improves the microhardness of the Cu substrate. 
Conclusion
In conclusion, dense W-Cu composite can be prepared on a Cu substrate by using the pulse double-glow plasma, and the W-Cu composite can remarkably improve various properties of the Cu body, such as the friction coefficient and corrosion resistance. It is found that the treatment temperature is one of the most important factors in double-glow plasma for metallic alloying: the higher the temperature, the denser the W coating, and the better the composition properties. It is also confirmed that W coating grown in the preferential orientation of (110) facet can be obtained in the double-glow plasma process.
